Abstract Apoptosis is important in regulating cell death turnover and is mediated by the intrinsic and death receptor-based extrinsic pathways which converge at the mitochondrial outer membrane (MOM) leading to mitochondrial outer membrane permeabilization (MOMP). MOMP results in the release of apoptotic proteins that further activate the downstream pathway of apoptosis. Thus, tight regulation of MOMP is crucial in controlling apoptosis, and a lack of control may lead to tissue and organ malformation and the development of cancers. Despite a growing number of studies focusing on the structure and activity of the proteins involved in mediating MOMP, such as the Bcl-2 family proteins, the mechanism of MOMP is not well understood. In particular, the crucial role of the various structural properties and changes in lipid components of the MOM in mediating the recruitment and activation of different Bcl-2 proteins remains poorly understood. Furthermore, the factors that control the changes in mitochondrial membrane integrity from the initiation to the final disruption of MOM have yet to be clearly defined. In this review, we provide an overview of studies that focus on the mitochondrial membrane with a biophysical analysis of the interactions of the Bcl-2 proteins with the mitochondrial membrane.
Introduction: initiation of MOMP
Apoptosis regulates cell turnover in healthy living organisms by eliminating unhealthy as well as excess cells and also plays a role in tissue development and ageing. The apoptotic process is comprised of two main pathways, the death receptor pathway (extrinsic) and the mitochondrial mediated pathway (intrinsic) (Czabotar et al. 2014; Elmore 2007; Ichim and Tait 2016; Tait and Green 2010) and are summarized schematically in Fig. 1 .
The activation of the extrinsic pathway is initiated by transmembrane receptor-mediated interactions. These death receptors are a subset of the tumor necrosis factor receptor (TNFR) family (Brown and Attardi 2005) , consisting of a cytoplasmic domain of about 80 amino acids known as the Bdeath domain^. The death domain plays a critical role in transmitting the death signals from the cell surface to the intracellular signaling pathways via binding of ligands (. .FasL/FasR) to their corresponding death receptors (e.g. TNF-α/TNFR1). these receptor-ligand interactions result in receptor clustering and the recruitment and oligermerisation of adaptor proteins such as FADD to the Fas receptor. Following recruitment and oligomerization of FADD, procaspase-8 binds to the FADD through dimerization of their death effector domain resulting in the formation of the death-inducing signalling complex (DISC), and the autocatalytic activation of caspase-8. The activation of caspase 8 ultimately triggers the execution phase of apoptosis (Fig. 1) .
The intrinsic apoptotic pathway ( Fig. 1 ) is often deregulated in cancer and can be initiated by a range of physical, chemical and pathophysiological stimuli including lysosomal/ER stress, DNA damage, metabolic stress, cellular stress caused by ionizing radiation, heat, hypoxia, cytokine deprivation and chemotherapeutic drugs. These diverse stimuli indicate a complex interplay of Bcl-2 proteins that triggers the executuon phase of apoptosis which is manifested by the formation of the apoptotic pore, loss of mitochondrial transmembrane potential and release of cytochrome c, Smac/DIABLO from the intermembrane space into the cytosol. These pathways converge at an execution pathway involving activation of caspase 3/7 by caspase 8/9 for the initiation of the cell death. As a result, the cell forms into small apoptotic bodies which are then engulfed by phagocytosis (Elmore 2007; Fulda and Debatin 2006; Ichim and Tait 2016) . These pathways are not completely independent of each other, and often activation via one pathway will induce the other (Chen et al. 2015; Kaufmann and Hengartner 2001; Wong 2011) .
Cytochrome c, once released from the mitochondrial intermembrane space into the cytosol, forms a large complex with Apaf-1 and pro-caspase-9, called the apoptosome (Li and Yuan 2008) . Activation of caspase-9 within the apoptosome further activates the effector pro-caspase 3 and 7 via cleavage of their pro-domains. The pro-apoptotic factors such as Smac/ Diablo act to prevent inhibition of the caspase cascade and Fig. 1 Overview of intrinsic and extrinsic pathways of apoptosis. In the extrinsic apoptotic pathway, upon binding to their cognate ligand, death receptors such as tumor necrosis factor (TNF)-related apoptosis-inducing ligand (TRAIL) receptor (TRAILR) and FAS can activate initiator caspases-8 and 10 through dimerization mediated by adaptor proteins such as FAS-associated death domain protein (FADD). Active caspase-8 and caspase-10 then cleave and activate the effector caspase-3 and caspase-7, leading to apoptosis. The intrinsic pathway of apoptosis requires mitochondrial outer membrane permeabilization (MOMP). Cell stresses trigger Bcl-2 homology domain 3 (BH3)-only protein activation, leading to BAX and BAK activity that triggers MOMP. Anti-apoptotic Bcl-2 family proteins counteract this. Following MOMP, mitochondrial intermembrane space proteins such as second mitochondria-derived activator of caspases (SMAC) and cytochrome c are released into the cytosol. Cytochrome c interacts with apoptotic protease activating factor 1 (APAF1), triggering apoptosome assembly, which activates caspase-9. Active caspase-9, in turn, activates caspase-3 and caspase-7, leading to apoptosis. Mitochondrial release of SMAC facilitates apoptosis by blocking the caspase inhibitor X-linked inhibitor of apoptosis protein (XIAP). Caspase-8 cleavage of the BH3-only protein BH3-interacting death domain agonist (BID) enables crosstalk between the extrinsic and intrinsic apoptotic pathways. ER endoplasmic reticulum; MCL1 myeloid cell leukaemia 1; tBID truncated BID. Reproduced with permission from Tait and Green (2010) further drive apoptosis (Adams 2004; Breckenridge and Xue 2004; Qin et al. 2012 ) (see Fig. 1 ). The final permeabilization step and the initiation of MOMP is regulated by disruption of the balance between the pro-and anti-apoptotic Bcl-2 family members. Additionally, the extrinsic and intrinsic apoptotic pathways cross-link through caspase-8 cleavage of the BH-3-only protein, BH3-interacting domain death agonist (Bid), which generates active truncated Bid (tBid). The activated BH-3-only protein then interacts with and activates the proapoptotic effector proteins inducing the MOMP (Kantari and Walczak 2011) .
Bcl-2 protein-mediated mitochondrial outer membrane permeabilization (MOMP)
MOMP is the key event associated with the intrinsic pathway of apoptosis (Czabotar et al. 2014; Westphal et al. 2014) . The integrity and permeabilization of the MOM is highly regulated and controlled by the interactions between different Bcl-2 family proteins and the MOM. Therefore, this review aims to summarize the impact of changes in membrane composition and structure upon various stress stimuli on the interactions of various classes of Bcl-2 proteins in the cytosol and at the MOM leading toward MOMP.
While Bcl-2 proteins are found both in the cytosol or bound to the MOM, in the presence of apoptotic stimuli they are recruited to the MOM and induce membrane permeabilization. To delineate the mechanism by which the Bcl-2 family proteins induce MOMP, studies have focused on the morphological changes in the mitochondrial membrane induced by the Bcl-2 family using fluorescence imaging, SEM and AFM on native mitochondria and model mitochondrial membranes (discussed below). A number of models have been described which include modulation of the pre-existing mitochondrial channel by the Bcl-2 proteins, namely the mitochondrial permeability transition pore complex (mPTP) which consists of VDAC, ANT and cyclophilin D (Karch and Molkentin 2014) . Earlier studies showed that deletion of mPTP components has no effect on MOMP and apoptosis (Baines et al. 2007) , thus indicating that the interaction with mPTP is not necessary for membrane permeabilization. Moreover, formation of the mitochondrial apoptosis-induced channel (MAC) mediated by Bax/Bak has also being ruled out, since MOMP results in both small and large molecule release whereas MAC only allows limited molecule sizes to pass through (Tait and Green 2010) . Bcl-2 proteins are also able to interact with ceramide channel-forming sphingolipid to induce permeabilization (Chipuk et al. 2012) or by forming putative cytochrome c release channels on the MOM which is functionally redundant to Bax/Bak (Dejean et al. 2005) . However, it now appears that Bax/Bak oligomerization is the key step in the formation of the apoptotic pore in the membrane for the permeabilization (Garcia-Saez 2012). The formation of this apoptotic pore is also evident from the liposome permeabilization of the model mitochondrial outer membrane induced by Bcl-2 family proteins (Baines et al. 2007; Bleicken et al. 2016; Garcia-Saez 2014, 2017; García-Sáez et al. 2011; Kushnareva et al. 2012; Ros and García-Sáez 2015; Shamas-Din et al. 2015; Tait and Green 2010) .
The role of proteins in MOMP: the Bcl-2 protein family
The structures of Bcl-2 family proteins contain several conserved regions known as Bcl-2 homology domain (BH domain) (Fig. 2) and are classified into multi-domains (BH1-4) and single domain (BH3-only proteins) according to these conserved domains.
The multi-domain Bcl-2-related proteins are further classified into two subfamilies according to protein function; proapoptotic and anti-apoptotic/pro-survival proteins. Meanwhile, single domain BH3-only proteins have also been functionally classified into direct activators and de-repressor/sensitizer proteins (as listed in Table 1 ).
Pro-apoptotic proteins are often termed effector proteins as they directly interact with the MOM to promote membrane permeabilisation upon their activation by BH3-only activator proteins. BH3-only proteins function as pro-apoptotic has also been characterized. In contrast, anti-apoptotic proteins prevent MOMP by binding to and inhibiting the membrane interaction of pro-apoptotic proteins and BH3 activators proteins. BH3-only proteins can function either as inhibitors of anti-apoptotic proteins (sensitizers) (Certo et al. 2006; Chipuk et al. 2008) or as activators of pro-apoptotic proteins to promote MOMP (Eskes et al. 2000; Letai et al. 2002) .
Structural basis of Bcl-2 family protein activation
Bcl-2 family proteins exist as two conformational states: soluble cytosol-inactive monomer and the membrane-bound monomer. Pro-apoptotic and anti-apoptotic proteins share a similar protein structure composed of nine α-helices. Hydrophobic helices are positioned in the center of the globular structure and surrounded by two amphipathic helices as shown in Fig. 3a using Bax as an example. This domain comprises BH1 (α4-α5) and BH2 (α7-α8) regions on one side, and the BH3 region (α2) and α3 helices on the other side. This hydrophobic region serves as the binding groove of the BH3 domain of Bcl-2 proteins and is required for protein activity especially for dimerization and oligomerization (Suzuki et al. 2000) . This hydrophobic groove also serves as the binding site for the C-terminal α9 helix of Bax in the inactive conformation and is referred to as the BH3 and C-terminus binding groove or the BC groove (Chipuk et al. 2010) (Fig. 3b, . In addition to the BC groove, a novel binding site was discovered in Bax (but not yet identified in Bak) which is opposite the BC groove and called the 'rear' groove which involves α1 and α6 helices (Fig. 3b , right-side) (Gavathiotis et al. 2008) , and interacts with tBid BH3-only protein to activate Bax. The α9 helix is displaced and inserted into the mitochondrial membrane followed by the Bax activation process. Another unique structural feature of inactive Bax is the presence of a 6A7 N-terminal epitope exposed upon transient interaction with the membrane (Yethon et al. 2003) .
Unlike other Bcl-2 proteins which are localized in the cytosol in their inactive state, the pro-apoptotic protein Bak is constitutively bound to the membrane protein-voltagedependent anion ion channel (VDAC2) on the MOM in its inactive conformation (Cheng et al. 2003; Leber et al. 2007) . Following the cleavage of Bid to tBid by the activated caspase 8, tBid binds to Bak, displacing VDAC2 to expose its BH3 domain for Bak activation (Cheng et al. 2003) .
Similarly to pro-apoptotic proteins, the anti-apoptotic Bclxl has its transmembrane domain helix bound to the hydrophobic BC groove (Muchmore et al. 1996) . Membrane-bound Bcl-xl can inhibit tBid and cytosolic Bax from being recruited onto the membrane, and thus prevents Bax activation and oligomerization, respectively (Billen et al. 2008 ). This inhibition occurs via the groove:BH3 interface and in the presence of the membrane. Essentially, anti-apoptotic Bcl-xl can inhibit both upstream and downstream of Bax activation (Sattler et al. 1997 ).
In the presence of an apoptotic signal, activator BH3-only proteins undergo post-translational modifications including proteolytic cleavage and phosphorylation for their activation (Shamas-Din et al. 2011) . For instance, activator Bid protein undergoes cleavage at its unstructured loop by caspase-8 in the presence of apoptotic stimuli to result in the helical rearrangement near the cleavage site, and thus exposing the partially conserved hydrophobic residues on the BH3 domain (Chou et al. 1999) . The changes in the surface charge contribute to the membrane localization via electrostatic interaction between the protein and the membrane (Shivakumar et al. 2014) . Cleaved Bid (cBid) consists of two fragments, p7 and p15 (tBid), held together by hydrophobic interaction (Gross et al. 1999) . cBid also interacts with a mitochondrial membrane protein, mitochondrial carrier homologue 2 (Mtch2) on the MOM (Zaltsman et al. 2010 ) which mediates its membrane recruitment. Upon membrane insertion, the N-terminal fragment is dissociated from the structure to expose the hydrophobic helices (Chou et al. 1999 ) which further promote structural rearrangements that expose the BH3 domain for interaction with Bcl-2 proteins (Oh et al. 2005) . The active form Bid (tBid) then interacts with inactive Bax via its 6A7 Nterminal epitope resulting in the conformational changes releasing the α9 C-terminus to anchor Bax to the membrane (Leber et al. 2007 ). These specific changes in Bcl-2 protein structure are summarized in Table 2 .
The role of mitochondrial membrane lipids in MOMP
The mitochondrial membrane primarily comprises phosphatidylcholine (PC) and phosphatidylethanolamine (PE) (typically 70-80%), with 1-5% phosphatidylinositol (PI), sphingomyelin (SM) and phosphatidylserine (PS). The cardiolipin (CL) content differs in mitochondrial inner and outer membranes with 20% and 5-10%, respectively (Horvath and Daum 2013) . Tables 3 and 4 show the structure of mitochondrial phospholipids commonly identified from different tissues and organisms (Cosentino and García-Sáez 2014; Horvath and Daum 2013) . These values are used to formulate the lipid composition in constructing model membranes mimicking the composition of specific membranes, particularly the MOM. Specific lipid components in the mitochondrial membrane have a critical role in the interaction between Bcl-2 family members and mediating the conformational changes during protein-protein interactions at the membrane surface. Indeed, the presence of cardiolipin in mitochondria plays a functional role in protein interactions (Cosentino and García-Sáez 2014; Schlame et al. 2000) . While the compositions listed in Table 4 are obtained from healthy cells or tissues, changes in the membrane lipid compositions during apoptosis have also been well documented (Crimi and Degli Esposti 2011; Jourdain and Martinou 2009 ). In particular, the changes following stimulation of the extrinsic or intrinsic pathways have been compiled in various cell systems and reviewed in detail (Crimi and Degli Esposti 2011) . Table 5 lists some of the changes in lipid composition in the mitochondria before or after the onset of MOMP following induction of the intrinsic pathway (Crimi and Degli Esposti 2011) . Overall, it has been observed that the earlier lipid changes relate to an initial deficiency in PC biosynthesis which may impact on CL production. Very few of the lipid changes occur before the onset of MOMP which may be involved in priming the membrane for the apoptotic action of Bcl-2 proteins. For example, it is possible that changes in different lipids during the apoptotic process influence the membrane recruitment of Bax and Bak which ultimately affects the formation of the apoptotic pore. It has also been suggested that Bid may play a role in the transfer of these lipids from the ER membrane to the mitochondrial outer membrane (Degli Esposti et al. 2003) .
Taken together, it is clear that the individual lipids play a central role in defining the interactive properties of the mitochondrial membrane, and provide the basis for the design of model membranes based on these defined lipid compositions, to provide more insight into the role of mitochondrial lipid in the membrane interaction of the Bcl-2 protein family and subsequent MOMP.
Membrane targeting of activator Bcl-2 proteins is among the early steps for the recruitment of effector Bcl-2 family members to the MOM for permeabilization. The lipids that have been shown to affect membrane recruitment of Bcl-2 proteins are cardiolipin (CL), cholesterol (LuckenArdjomande et al. 2008a ) and sphingolipid. (Lutter et al. 2000; Shamas-Din et al. 2015) . CL is a negatively charged phospholipid which normally resides in the mitochondrial , 'rear' groove is found in the red ring which includes α1 and α6 helices. Reproduced with permssion from Martinou and Youle (2011) inner membrane (MIM) (Schlame et al. 2000) with only small amounts (3%) present in the MOM (Hovius et al. 1990 ). Translocation of CL from MIM to MOM has been reported and occurs via the contact sites between the two membranes (Ardail et al. 1990 ).
The increase in membrane surface negative charge as a result of increased CL content in the OMM has been shown to enhance the electrostatic interaction of the direct activators Bid and Bim with the membrane. Depletion of anionic lipids phosphatidylinositol and phosphatidylserine, and CL in the neutral phosphatidylcholine membrane, resulted in low cBid and Bim binding to the membrane (Shamas-Din et al. 2015) . In addition to acting as a docking site for the Bcl-2 proteins, CL also interacts with cytochrome c at the outer leaflet of the inner mitochondrial membrane (Rytömaa et al. 1992) . Together with the presence of reactive oxygen species during the early apoptotic event, CL undergoes peroxidation in which it releases the bound cytochrome c from the mitochondria (Kagan et al. 2005) for the downstream event of apoptosis.
Liposomes composed of mitochondrial lipids were used to analyze the ability of pore formation induced by full-length Bax A (Satsoura et al. 2012) . The study showed that the presence of tBid is important for the insertion and pore formation by Bax. It was demonstrated that tBid-activated Bax binds to the membrane and rearranges itself so that it protrudes from the membrane layer (analyzed by small-angle neutron scattering). However, the membrane conformation of Bax is still unknown (Satsoura et al. 2012) .
Using immunoelectron tomography, it has also been shown that tBid localizes to the contact site containing cardiolipin (Lutter et al. 2000) . In the absence of CL, tBid conformational change is compromised but not the binding to the membrane. This suggests that tBid-membrane recruitment depends on the interaction between the negatively charged CL and the positively charged residues of the membrane-binding helices of tBid (Shamas-Din et al. 2015) . However, how cardiolipin affects tBid conformation and mediates Bax insertion remains unclear. CL also affects the activation of Bim and mediates Bax insertion and oligomerization in a liposome (LuckenArdjomande et al. 2008b) . Likewise, CL is required for Bax recruitment and mediated the Bax conformational change for its activation (Dingeldein et al. 2017; Lucken-Ardjomande et al. 2008b) .
The presence of cholesterol reduces the cBid and Bim membrane binding. However, while cholesterol content of up to 20% in liposomes impaired the tBid conformational change, this was not the case in the membrane with 8% cholesterol (Shamas-Din et al. 2015) . Bax activation and membrane insertion for permeabilization significantly reduced with high cholesterol content (Christenson et al. 2008; . High levels of cholesterol in many tumor cells may be one of the mechanisms to prevent apoptosis and promote their survival and may also contribute to chemotherapy resistance in, for instance, hepatocellular carcinoma (Montero et al. 2008) . The use of lovastatin, a cholesterol synthesis inhibitor, has also been shown to promote apoptosis in glioblastoma cell lines which the authors attributed to the increased level of Bim expression for apoptosis (Jiang et al. 2004 ). This indicates that biosynthesis of cholesterol has an indirect effect on the expression of activator Bim protein and thereby possibly regulating apoptosis.
Sphingolipid metabolism also contributes to MOMP, although its mechanism is not fully understood. Among the products of metabolism is ceramide which can form a channel in the membrane (Hannun and Obeid 2008) . Sphingosine-1-PO 4 (S1P) and hexadecanal (hex) which are ceramide precursors can mediate Bax/Bak activation through their synergistic activity leading to MOMP (Chipuk et al. 2012 ). Overall, CL The yeast mitochondrial fraction is specific to the outer mitochondrial membrane while fractionation of the rat liver, hepatoma and human heart cell involved compositional analysis of the entire mitochondria. Membrane composition is in percentage (%) has a direct interaction with Bcl-2 proteins whereas cholesterol and sphingolipid affect apoptosis indirectly through the metabolic pathways especially upon abnormalities occurring during the pathway.
Biophysical analysis of the apoptotic pore Structural models of Bax/Bak oligomerization
As discussed above, many Bcl-2 family proteins possess a hydrophobic region the carboxyl-terminus which is involved in membrane targeting and anchoring. The hydrophobic groove formed on the surface of the structure of the BH3 domain has a significant role especially with the interaction with another monomer of the Bcl-2 family for homo-and hetero-oligomerization leading to pore formation in the membrane. There are multiple steps involved in the Bax activation and oligomerization, and a current working model of Bax activation/pore formation based on the structural elucidation of Bax in different conformational states and complexes is shown in Fig. 4 . However, the regulation of each of these steps remains elusive. In a normal healthy cell, Bax is constitutively retrotranslocated from mitochondria to the cytosol. This event is regulated by anti-apoptotic Bcl-xl whereby it maintains the inactive state of Bax (Edlich et al. 2011 ). In the presence of an apoptotic signal, Bid is cleaved into cBid and then into tBid to subsequently bind to Bax. tBid binds to the Bax 'rear' groove and this transient binding occurs via a 'hit-and-run' mechanism. Bax conformational changes involve the disengagement of tBid allowing for its insertion into the membrane (Wei et al. 2000) . The previous study suggested Bax membrane insertion involved its α9 and hairpin α5-α6 helices (Annis et al. 2005) and are also suggested to participate in the pore formation (Garcia-Saez 2012). However, a recent study showed two interfaces involved in dimerization and pore expansion. Upon α9 membrane insertion, rearrangement of the helices resulted in the BH3-in-groove dimerization at the MOM surface. The α9 helix that transverses the membrane interacts with α9 of another monomer to cause the pore expansion (Zhang et al. 2015) . These conformational changes were only able to be observed in the presence of membrane, thus emphasizing the importance of the membrane for the whole MOMP process.
The structure of the apoptotic pore
The pore formed by Bcl-2 proteins is the central structural entity mediating MOMP, but its precise structure has yet to be fully elucidated. However, a number of recent studies have used a combination of different imaging techniques to probe the formation and structure of the apoptotic pore in more detail than previously observed. Two different processes may lead to pore formation, namely via transmembrane oligomerization, or by insertion of their pore domain (Annis et al. 2005) . The nature of the pore itself remains controversial as different studies propose that it is either proteinaceous or proteolipid (Fig. 5a) . A small hydrophobic region in each of the protein monomers is involved in the oligomerization to provide a larger hydrophobic region which can then be inserted into the membrane (Ros and García-Sáez 2015) . However, proteins such as colicin and diphtheria toxin of the poreforming protein family can insert their central α-helical hairpin into the membrane and form a proteinaceous pore (Westphal et al. 2011) . Bax and Bak have structural homology to colicin and diphtheria toxin in its α5 and α6 helices which can potentially insert into the membrane as a hairpin structure (Annis et al. 2005) .
The lipidic pore is a heterogeneous pore as it consists of both protein and lipid components. Bax action on the phospholipid bilayer causes transbilayer movement (Terrones et al. 2004 ) and decreases the membrane stability facilitating membrane permeability (Basanez et al. 1999) . A study by cryoelectron microscopy has shown potential lipidic pores formed by active Bax on cardiolipin-liposomes (Schafer et al. 2009 ). These pores vary in size which may reflect the expandable nature of the lipidic pore. Chen et al. (2009) . The timing 'before' and 'after' refers to the time at which changes are observed relative to MOMP. Adapted with permission from (Crimi and Degli Esposti 2011) More recently, the presence of large ring-like structures formed by Bax oligomers on MOM was detected in apoptotic cells (Große et al. 2016; Salvador-Gallego et al. 2016) (Fig. 5b) . These rings were able to perforate through the lipid bilayer, and they are devoid of other proteins (Große et al. 2016 ). Involvement of proteins other than Bax and Bak may assist in pore formation. Intriguingly, arc structures are also able to cause membrane permeabilization (Salvador-Gallego et al. 2016) . The existence of different Bax organization in the membrane such as ring-like, lines and arcs structures indicate that the mechanistic details of Bax/Bak-mediated permeabilization are not entirely understood. However, these structures may represent various stages in Bax pore formation (Salvador-Gallego et al. 2016) . Fig. 4 Overview of the conformational steps from the retrotranslocation of Bax to its activation and followed by its insertion into the membrane before it oligomerizes. 1 proposed shuttling of Bax to the MOM and return to the cytosol. 2 An activator BH3 domain binds to the BAX groove, which promotes release of the 'latch' domain from the 'core' domain of Bax (3), and destabilizes the Bax BH3 domain, α2. The initiating activator BH3 domain then disengages (4). 5 Protrusion of the Bax BH3 domain allows two such molecules to form the Bax BH3-ingroove dimer. The structure of the Bax core (α2-α5) as a symmetrical dimer reveals a hydrophobic layer of two α4 and two α5 chains with 12 protruding aromatic residues (side view) which then may form the larger oligomer (6). Reproduced with permission from Czabotar et al. (2014) 100-400 nm 100-300 nm 20-80 nm Radius a b AFM during apoptosis. This study revealed the presence of linear and arc clusters that do not perforate the membrane, which lead to complete membrane pores, corresponding to full rings or partially arcs (SalvadorGallego et al. 2016) . Reproduced with permission from Salvador-Gallego et al. (2016 and It has also been proposed that membrane-curvature stress induces Bax-mediated pore formation and subsequent MOMP (Gillies et al. 2015) . In the toroidal pore, Bax/Bak localize and oligomerize at this site leading to pore formation whereby more Bax monomers enter and provide more curvature stress (Gillies et al. 2015) .
Models of MOMP regulation
The Bcl-2 family of proteins interact in a complex system to regulate apoptosis and there are four main models that describe this regulation. The first model to be described is the direct activation model which suggests that BH3-only proteins activate pro-apoptotic proteins. Inhibition of apoptosis occurs upon sequestration of activator proteins by anti-apoptotic proteins (Chen et al. 2005; Chi et al. 2014) . De-repressor BH3-only proteins displace the sequestered activators from the prosurvival protein such as Bcl-xl and Bcl-2, and this synergistic activity of both activators and sensitizers then allows the cells to undergo apoptosis (Kuwana et al. 2005 ).
The second model is the displacement model, which proposes the constitutive activation of pro-apoptotic proteins Bax and Bak within the cells which needs constant regulation by the anti-apoptotic proteins. BH3-only proteins compete with anti-apoptotic proteins to release Bax and Bak for apoptosis (Uren et al. 2007 ). Different BH3-only proteins bind to and neutralize the available pro-survival proteins during apoptosis via different binding affinity of each BH3-only protein (Zong et al. 2001) . While these two models focus only on regulating the interaction between proteins, the third model, the so-called embedded-together model, proposes the explicit participation of the MOM (Leber et al. 2007 (Leber et al. , 2010 Shamas-Din et al. 2011) . In particular, this model proposes that the mitochondrial membrane induces the conformational changes in the Bcl-2 proteins necessary for pore formation. This model has been widely used and places the membrane as the pivotal point for the activity of all Bcl-2 family proteins including the proteinprotein and protein-membrane interactions required for apoptosis Kim et al. 2009; Lee et al. 2016; Zong et al. 2001 ). Finally, a unified model has been described ( Fig. 6 ) which further expands the embedded-together model by describing two distinct modes of activation whereby antiapoptotic Bcl-2 proteins can block MOMP, by sequestering direct-activator BH3-only proteins (i.e. Mode 1) or by binding active effector proteins Bax and Bak (i.e. Mode 2) (Llambi et al. 2011) . These more recent models therefore establish a central role of the mitochondrial membrane in the regulation of apoptosis and have provided potential molecular targets for developing therapeutic intervention or activation of apoptosis. Fig. 8 Orientation of Bax C-terminal peptide in a membrane. As can be seen, residues 170, 188 (tryptophan), 189 and 190 (Lysine) are thought to interact with the polar head groups of the lipids (Ausili et al. 2009) 
Mode 1 inhibiƟon
Mode 2 inhibiƟon AcƟvaƟon Fig. 6 Schematic overview of the unified model of the regulation of the Bcl-2 family proteins for apoptosis which builds on the embeddedtogether model, describing an explicit role of the membrane in apoptosis (Leber et al. 2007 (Leber et al. , 2010 Shamas-Din et al. 2011) . Reproduced with permission from Das et al. (2015) Bcl-XL Fig. 7 Putative TMD sequence. Letters highlighted in red refer to polar amino acids, while the letter highlighted in blue refers to the regulatory proline in Bax. Z designates a stop codon. Adapted from Lindsay et al. (2011) Membrane binding properties of the C-terminal domain of Bcl-2 family proteins
The interaction of Bcl-2 family members with specific lipids have been characterized on various model membranes. Some studies have particularly focussed on the putative TMD located at the C-terminal end of the protein family which has been shown to play a role in localisation of many Bcl-2 family members as listed in Fig. 7 (Andreu-Fernández et al. 2014; Lomonosova and Chinnadurai 2008; Shamas-Din et al. 2011; Youle and Strasser 2008) . In comparison to the overall protein sequence, the region specified above (TMD) contains many hydrophobic residues in close proximity and were therefore hypothesized to be a TMD region. Potential membrane interacting regions can be identified by determining the hydrophobicity and hydrophobic moment (Bernabeu et al. 2007) , and the putative TMD regions for different Bcl-2 family proteins are listed in Fig.  7 . Model membranes have been utilized to characterize the protein-membrane interactions that occur between these TMD regions and specific phospholipid compositions. For example, the membrane interaction of the C-terminal region of Bcl-2 members was evident from the dye leakage from egg yolk PC liposomes composed of cholesterol, sphingomylin or egg yolk diacylglycerol upon the incubation of Bcl-2 TMD domain peptides (Torrecillas et al. 2007) . Another study using the Bax C-terminus observed the changes in secondary structure in the TMD in different model membranes (Ausili et al. 2008) . It was identified that a negative phospholipid environment induces changes in TMD secondary structure and the orientation of membrane insertion. It was demonstrated that a negative membrane environment induces Bax TMD to become more α-helical in structure, thought to be due to electrostatic interactions between lysine residues near the end of the sequence (see Fig. 3 ). Recent research from the same group has confirmed the interaction where insertion is believed to be perpendicular to the bilayer membrane (Ausili et al. 2009 ). Figure 8 illustrates this and shows that the interaction is assisted by tryptophan and lysine interaction with the polar head group. These studies have proven to be vital in understanding the protein-membrane interaction in model membranes; however, there is little available literature regarding testing of the Bcl-2 family on synthetic or isolated mitochondria outer membranes.
Peptides of the TMD of the Bcl-2 family have been synthesized and can be used as a starting point to resolve the secondary structure of the TMD region within the MOM. A study by Andreu-Fernández et al. (2014) specifically investigated the effects and kinetics of Bcl-2 family proteins binding to the MOM using peptides derived from the transmembrane domain (TMD) of the Bcl-2 family (Andreu-Fernández et al. 2014) . The binding of synthetic peptides (TMD-pepts) corresponding to the putative TMD of anti-apoptotic (Bcl-2, BclxL, Bcl-w and Mcl-1) and pro-apoptotic (Bax, Bak) members to various model membranes and their impact on the membrane packing order were studied using dual polarization interferometry. The results demonstrated that the peptides showed specificity for mitochondrial membrane mimics over plasma membrane mimics. Significantly, the peptides exerted different effects on membrane structure depending on whether they were derived from pro-or anti-apoptotic Bcl-2 family members (Fig. 9a) and they promoted calcein release from (2014) liposomes via disrupting the order of the model mitochondrial lipid system. These results were then correlated with cellular disruption effects. In particular, the TMDs induced permeabilisation and cytochrome c release from isolated mitochondria, were cytotoxic toward the human cervix adenocarcinoma cell line and colon carcinoma cell line and were effective as chemical tools to prepare mitochondria for apoptosis as demonstrated by sensitizing human cervix adenocarcinoma cells to chemotherapeutic agents. Overall, the observed effects of the TMD-peptides on membrane perturbation open the way for their use as new chemical tools to sensitize tumour cells to chemotherapeutic agents, in accordance with the concept of mitochondria priming (Fig. 9b) (AndreuFernández et al. 2014 ). More recently, it has been shown that interactions between the TMD of Bax and pro-survival Bcl-x also occur in non-apoptotic human cells and participate in the regulation of Bcl-2 proteins, further establishing the central role of the TMD in the regulation of apoptosis (AndreuFernandez et al. 2017) .
The importance of studying protein activity at the membrane level was further demonstrated by a recent study by Zhang et al. (2015) . A new interface for Bax dimerization was identified which occurs via the α9:α9 helices within the membrane apart from the BH3:groove interface found on the surface, which was shown to be crucial for pore expansion (Zhang et al. 2015) . From this study, the discovery of another feature required for Bax dimerization has demonstrated that studies on the dynamics of protein structure and interactions are required to fully understand apoptosis at the dynamic membrane interface.
Conclusions
The mitochondrion plays a central role in apoptosis and is the site of recruitment for apoptotic proteins controlling the intrinsic apoptotic pathway leading to MOMP. The Bcl-2 family of proteins play a commanding role in the regulation of MOMP, and the membrane involvement in this complex system is now well recognized. An increasing number of studies have clearly shown that the mitochondrial outer membrane plays a central role in apoptosis. These studies have shed light on the structural changes of the Bcl-2 family during their activation, membrane-insertion and oligomerization as well as the interactions between Bcl-2 family members during apoptosis. Indeed, these studies have led to the identification of new drug targets and underpinned the development of inhibitors of Bcl-2 protein interactions as potential anti-cancer therapeutics. However, there are still relatively few studies that focus specifically on the biophysical analysis of the protein-membrane interactions in the context of membrane structure changes. It is now apparent that members of the Bcl-2 family of proteins insert into the mitochondrial outer membrane through a specific C-terminal anchoring transmembrane domain, and then interact hierarchically to determine cell fate. These studies now pave the way for the analysis of the interaction of fulllength protein with the mitochondrial membrane and provide answers to a number of important questions addressing the mechanism of how Bcl-2 proteins are recruited to the membrane prior to the initiation of MOMP. For example, what are the relative binding affinities of these proteins to the mitochondrial membrane and, following the membrane recruitment, how does the membrane environment and changing lipid compositions mediate the step-by-step conformational changes of the Bcl-2 proteins, and how does the membrane structure change throughout these critical events? Understanding these critical events in the interplay between Bcl-2 family proteins and MOM will provide significant insight into how MOMP is initiated and regulated, and establish a more detailed understanding of the interplay between antiand pro-apoptotic proteins and the role that the mitochondrial membrane plays in this process.
